Recently, the ultrafast dynamics of excited electrons on metal surfaces has become an active area of investigation due to the development of femtosecond time-resolved surface-sensitive techniques. Time-resolved two-photon photoemission ͑TR-TPPE͒ has been used as an approach to measure the energy-dependent lifetimes of the photoexcited electrons on different metal surfaces. [1] [2] [3] [4] [5] [6] It is found that the relaxation lifetimes of photoexcited electrons are in the femtosecond time scale and decrease rapidly with their excitation energy above the Fermi level (E F ), depending upon the specific band structure. For the higher excited states ͑with excitation energy larger than 0.5 eV above the E F ), the ultrashort electron lifetimes can be attributed to the strong electron-electron scattering processes due to the large available phase space. However, for the low-excitation states very close to the Fermi level, the relaxation mechanism is still unclear. This is because several other relaxation mechanisms besides electron-electron scattering have to be considered. First, since the lifetimes of these low-energy electrons become infinitely long as they approach E F according to the Fermi-liquid theory ͑FLT͒ for electron-electron scattering, 7, 8 other scattering mechanisms, such as electron-phonon scattering (e-p) and scattering by defects, become more important or even dominant. Second, when excited electrons are generated by absorption of an optical pulse, the exponential population gradient that results from linear absorption leads to diffusive and ballistic motion of the excited electrons away from the optically probed surface region. This electron transport provides an additional decay component to the photoexcited electron population at the surface, and could impose an upper lifetime limit to the study of electron dynamics by surface-sensitive time-resolved two-photon photoemission. Therefore, to understand the relaxation processes at these lower excited states, an experiment capable of identifying the role of each of these mechanisms is required.
In this paper, we present femtosecond time-resolved photoemission studies of electron dynamics on single-crystal Au͑111͒ films, epitaxially grown on mica, with thicknesses ranging from 150 to 3000 Å. For the 150-Å film, since its thickness is comparable to the optical probe depth ͑170 Å for 3.2-eV photons in gold͒ and the mean free path of photoelectrons ͑120 Å for photoelectrons with energies 3.2 eV above E F ), the photoexcited electrons are spatially confined within the surface-probed region and the relaxation from electron transport is greatly reduced or even completely eliminated. Therefore, the lifetimes of the photoexcited electrons are solely determined by the scattering processes ͑electron-electron and, to a lesser extent, electron-phonon͒ other than transport. In addition, by measuring the dependence of electron relaxation on the film thickness, the contribution of electron transport to the population decay of the lower-energy electrons, excited slightly above the Fermi level, can be investigated. This approach enables the transport contribution to be separated from the electron relaxation through scattering. We find that the electron transport is a much slower dynamical process in the near-surface region than expected from bulk properties, and lifetimes of the photoexcited electrons can be fitted well by the Fermi-liquid theory with a scaling factor plus an effective upper time limit.
The TR-TPPE technique used to measure surface electron dynamics is described in more detail elsewhere. 2, 6, 10 Briefly, the output pulse of a Ti:sapphire laser ͑photon energy 1.45-1.70 eV, pulse width 40 fs, and repetition rate 82 MHz͒ is first frequency doubled with a 250-m-thick beta barium borate doubling crystal. The doubled light ͑photon energy 2.9-3.4 eV͒ is then split by an equal-intensity beam splitter. One beam serves as a pump pulse to generate excited electrons in the sample, while the other, passing through a variable delay line, is used as a probe pulse to photoemit the excited electrons. The relative polarizations of the pump and probe beams can be changed by a zero-order half-wave plate inserted in one beam path. By recording the photoelectron intensity from each specific excited electronic state of the sample as a function of the pump-probe delay time, the relaxation of the excited electrons can be directly observed. The laser pulse energy was kept very low, at about 0.5 nJ/ pulse, and on average less than one electron per pulse was photoemitted. The electronic temperature rise due to the laser pulse irradiation was estimated less than 10 K ͑0.5 nJ/pulse and 150 m beam diameter͒. This low-pulse-energy and high-repetition-rate measurement provides high sensitivity and more reliable detection by eliminating the ambiguities that might arise in a highly excited electron distribution, from effects such as thermionic emission, or space-charge factors.
Au͑111͒ single-crystal films were fabricated by epitaxial growth on mica substrates by thermal evaporation in a separate ultrahigh-vacuum chamber. The film thickness was determined by a crystal thickness monitor with an estimated absolute accuracy better than Ϯ20% of the film thickness. In order to obtain an atomically clean surface, each sample was degassed in the UHV testing chamber with a base pressure of 5ϫ10 Ϫ11 torr at 750 K for several hours, and flashed to 1000 K for a few seconds to remove the surface contaminants introduced during transport in the open air. After this treatment, carbon contaminant was not detectable, and the estimated oxygen coverage was less than 0.05 ML based on x-ray photoelectron spectroscopy ͑XPS͒ peak-intensity calculations. Reflection high-energy electron diffraction showed sharp single-crystal patterns with ͑111͒ orientation.
A two-photon photoemission spectrum from an Au͑111͒ surface after the flash-heating treatment is shown in Fig. 1 . The spectrum was taken with photon energy of 3.2 eV at an energy resolution of 0.1 eV. The surface work function ⌽ is determined from ⌽ϭ2hϪW, where W is the measured spectral width. The typical work function of flashed Au͑111͒ was 5.1 eV, which is within 0.3 eV of that published by another group. 9 The clean Au͑111͒ surface was first dosed with Cs to lower the surface work function. This enables lifetime measurements of the lower excited states, within 0.3 eV above E F , with photon energies smaller than the intrinsic surface work function. The final alkali metal coverage is estimated to be less than 0.1 ML based on the work-function measurement and the XPS peak-intensity calculation. The perturbation to the electron dynamics after the alkali metal deposition has been investigated on the lifetime measurements on the Cu͑100͒ surface 6 covered with different alkali metals ͑K and Cs͒, where no discrepancy of lifetime measurement within one-photon energy above the Fermi level was observed. In addition, the lifetime measurements do not show any observable difference compared with the clean Au͑111͒ surface within the overlapping energy range 2.0Ͻ(E i ϪE F )Ͻ3.2 eV. A two-photon photoemission spectrum of Cs-covered Au͑111͒ surface taken with photon energies of 3.2 eV is also shown in Fig. 1 . The shape of the spectrum reflects the electronic band structure of the Au͑111͒ surface. The flat part at the high-energy side is the two-photon photoemission from Au 6s electrons (s-p band͒, and the peak at the lower energy is from Au 5d electrons with its rising edge at about 2.0 eV below E F . 7 The lifetime measurements were carried out right after alkali metal deposition by taking pump-probe scans at various kinetic energies of the two-photon photoemission spectrum. The polarizations of the pump and probe beams were kept perpendicular to each other ͑s and p polarized͒ in order to minimize the coherence peak. 6, 10 The corresponding energies of the intermediate states (E i ) are determined by assigning the Fermi edge in the two-photon photoemission spectrum (E KMAX ) as the highest excited intermediate state, with one-photon energy above E F , i.e., E i ϭE K ϪE KMAX ϩE F ϩh, where E K is the measured kinetic energies of photoelectrons. The extraction of the lifetimes from each pumpprobe scan follows our previous protocol used in the lifetime measurements on copper surfaces. 6 Briefly, for the highest excited electrons, their lifetimes are very short and the corresponding pump-probe scans are fitted by the convolution of a single exponential decay function with the instrument response function. For lower excitation states slightly above the Fermi level, a simple exponential decay no longer holds since the electron relaxation from the higher levels into the lower lying levels contributes to the population dynamics. This repopulation process was modeled by a simplified three-level system, which is described in more detail elsewhere for similar relaxation processes. 6, 10 This method enables the separation of the repopulation contribution to the electron relaxation processes from the intrinsic relaxation due to e-e scattering at the lower excited states very close to the Fermi level, and the extraction of the intrinsic electron lifetimes. A pump-probe scan taken from the excited state with energy of 0.3 eV above the Fermi level of the Cscovered 150 Å Au͑111͒ film is shown in the inset of Fig. 2 . Since the two-photon photoemission yield for s-polarized light is about six times smaller than that of the p-polarized light in our experiments, the nonlinear repopulation process causes the two-photon photoemission signal to be weaker when the s beam is the pump and the p beam is the probe than p pump and s probe. This asymmetry in the pump-probe signal near zero time delay becomes stronger as the probed intermediate levels get closer to the Fermi level, where the repopulation process makes a larger contribution to the dynamics. This asymmetry serves as a fingerprint for the repopulation process in the cross-polarized TR-TPPE experiment.
The relaxation of photoexcited electrons as a function of their energies for Au͑111͒ films with thicknesses of 150, 500, and 3000 Å are summarized in Fig. 2 . Several results are noteworthy. First, for most of the excited-state energy range ͑0.7-3.2 eV above E F ), the lifetime energy dependence exhibits very good Fermi-liquid behavior, i.e., ϰ(E i ϪE F ) Ϫ2 . Second, the anomalous feature associated with the photoexcitation of d electrons also exists at about the same energy position ͑about 1.7 eV above the Fermi level͒ as in copper. 6 This effect is observable as a small change in slope, which is discernible in Fig. 2 as a longer-lived deviation from the best fit to the FLT predictions ͑dotted line͒. However, this feature is much weaker than that in copper, and we believe this difference is because the Au 5d electrons lie further away from the nucleus than Cu 3d electrons and are less localized. Third, the energy-dependent relaxation of photoexcited electrons does not show any noticeable thickness dependence. Single-crystal films were used explicitly to minimize the chances of electron scattering from grain boundaries and defects, and to explore the effects of hotelectron transport on the surface dynamics. The lack of any significant thickness dependence, over a range larger than 20 times that of the surface probe depth (ϳ120 Å͒, indicates that the hot-electron transport away from a metal surface is a much slower process in comparison with the scattering relaxation mechanisms.
Under the low-excitation condition, the excited electrons in metals relax mainly through scattering with cold conduction-band electrons. Theoretical predictions for this energy-dependent relaxation process are generally calculated using Landau's Fermi-liquid theory. 7 The FLT prediction of electron lifetime due to electron-electron scattering based on the work of Quinn 8 by using a jellium model is given by FLT ϭ18.38(E i ϪE F ) Ϫ2 ͑in fs͒, where the energy is in eV. Lumping all the other contributions (e-p scattering and electron transport͒ to the population decay into an effective decay constant 1 , the lifetimes of photoexcited electrons measured in the TR-TPPE can be modeled as
The best fit of Eq. ͑1͒ to the experimental results for all the films is shown as a solid line in Fig. 2 , with zϭ6.5Ϯ0.6 and 1 ϭ345Ϯ32 fs. We believe that the scaling factor 6.5 arises mainly from the fact that only the 6s electrons are included in the calculation and the screening of the 5d electrons is neglected. These observations should be compared to the similar results obtained from earlier time-resolved photoemission studies of the electron thermalization in a 300-Å polycrystalline Au film by Fann et al. 1 They found that the evolution of the electron-energy distribution from the nascent nonthermal distribution generated by an intense pump pulse to a hot Fermi-Dirac distribution can qualitatively be described by FLT within a factor of 5.
For single-crystal metal films, the mechanisms that make the most significant contributions in determining the effective lifetime 1 are electron-photon scattering and electron transport. In gold at room temperature, the average e-p scattering time is about 30 fs, and on average an electron loses about 15 meV ͑Debye temperature is 170 K͒ to create a phonon after each collision. 7 Therefore, it will take about ten consecutive scattering events for an excited electron to lose more than 0.1 eV to escape out of the probe window of the energy analyzer ͑0.1 eV͒. The corresponding upper lifetime limit through this electron-phonon scattering is about 300 fs, which is the same order of 1 .
The hot-electron transport in gold has also been studied by several groups [11] [12] [13] [14] using transient thermoreflectivity and thermotransmissivity. In these measurements, the front surface of a thin metal film was excited by an intense ultrashort laser pulse ͑intensity usually larger than 10 10 W/cm 2 ), and the change in optical reflectivity or transmissivity at both front and back surfaces was recorded as a function of delay time between the pump and probe pulses. The delay time of the rising edge in the reflectivity modulation for the backsurface probe was found to increase with the sample thickness in a manner that is consistent with ballistic electron transport away from the surface region with a velocity of about 10 8 cm s
Ϫ1
, i.e., the same order of magnitude as the Fermi velocity of electrons in gold, 1.4ϫ10 8 cm s
. These studies prompted us to examine the effect of ballistic transport on the measured electron dynamics with TR-TPPE. A theoretical calculation, based on a one-dimensional ballistic-transport model was performed for the semi-infinite sample. 15 The basic assumptions of this model are that the photoexcited electrons are free to move isotropically in all directions at the Fermi velocity without suffering any colli- sions, and at the surface they undergo total elastic reflections. The isotropic transport assumption is based upon the fact that the band structure of Au in the vicinity of the Fermi level is very much free-electron-like 7 and the electronic temperature rise ͑less than 10 K͒ due to laser irradiation is small and will not significantly perturb this band structure. Since the laserexcited area ͑beam diameter 150 m͒ is much larger than both the optical skin depth ͑170 Å for 3.2 eV photons͒ and the mean free path of photoelectrons ͑110 Å for electrons at 3.4 eV above E F ), the electron transport along the surface direction can be neglected on the ultrafast time scale ͑fs to ps͒. The contribution of electron transport away from the surface is calculated by the projection of the threedimensional distribution function to the surface normal direciton ͑one dimension͒. The effect of the finite mean free path of the photoelectrons is also includeld in the calculation. The calculation of photoelectron intensity as a function of the pump and probe delay time after this ballistic electron transport is shown in Fig. 3 , which gives an upper lifetime limit to the excited electron population decay in the surface region of approximately 40 fs. This effective lifetime is much shorter than the lifetime of 290 fs for an electron at 0.2 eV above the Fermi level, obtained by extrapolating the experimental lifetime-energy dependence curve. The same calculation was also performed for the case of front surface reflectivity experiments with an optical skin depth of 150 Å and an electron velocity of 1.4ϫ10 8 cm s Ϫ1 ͑Fermi velocity in gold͒, and the results are shown in the inset of Fig. 3 with the effective decay time of ϳ69 fs.
In comparing the predicted decay in the surface distribution of photoexcited electrons to the experimental results, as a function of crystal thickness, it is clear that transport is not contributing significantly to the dynamics. The absence of this component to the electron dynamics is intriguing as it is clearly observed in the transient ͑back surface͒ reflectivity studies. The resolution of this discrepancy between the photoemission and the transient reflectivity might be found in the difference of experimental methods being used. When optical probes are used to study surface electron dynamics, the observables are the macroscopic optical constants and theoretical models are needed to extract electron dynamical information from the observed changes in optical properties. Therefore, these techniques generally do not provide a direct measurement of the electron dynamics, as time-resolved two-photon photoemission does. Due to the relatively low sensitivity of optical probes, more intense laser pulses are used in thermoreflectivity experiments, which induces significant lattice heating. As a result, electron-phonon coupling must be considered in order to extract information about the electron dynamics. Under the very high excitation density ͑higher than 10 10 W/cm 2 ) and nonthermal conditions, it might be statistically possible that some of the hot electrons transport more or less ballistically while the majority do not. For example, considering the average e-p collision time of 30 fs, it is possible for some of the lower excited electrons slightly above E F with Fermi velocity (ϳ14 Å/fs͒ to transverse across a film ͑thickness of 3000 Å͒ without suffering any significant collisions. Thus, the optical measurements of the rising edge of the thermal modulation signal might mainly recover the ballistic portion of the electron transport. In the present measurements, almost no lattice heating was involved due to the much lower laser pulse intensity used ͑less than 10 8 W/cm 2 ). Furthermore, with highly surfacesensitive time-resolved two-photon photoemission, we measure the residue of hot electrons after transport, and this ballistic transport portion will be a much smaller component to the total population decay.
It is worth noting that even the decays from the front surface reflectivity do not show a decay component that would correspond to the ballistic transport, which is estimated at about 69 fs ͑see inset of Fig. 3͒ , to the electron population decay at the surface region. 12 The measured reflectivity decay time constants are about 1 and 2 ps for 200-and 2000-Å films for their front-surface pump-probe data, which gives ϳ2 ps effective decay time for the transport contribution. This is comparable to our results observed in the TR-TPPE experiments. This decay in the near-surface distribution is even slower than that expected for completely diffusive motion of the electron distribution. Assuming bulk parameters 7 ͑diffusivity DϭK/C e , where K ͑310 W/m K͒ is the electron thermal conductivity, and C e ͑18.4 J/m 3 K) is the electron specific heat at room temperature͒, the diffusive transport should lead to a 1/e decay time of approximately 85 and 120 fs for TR-TPPE and time-resolved front-surface reflectivity, respectively. Again, the upper lifetime limit and lack of crystal thickness dependence do not show a transport component of this magnitude. Several processes might contribute, in part, for this observed slower transport phenomenon. First, the initial excitation in gold with 3.2-eV photons involves predominately direct transition from the d-band to the sp band. Subsequent relaxation of the d holes will generate excited electrons through the Auger process that lies in the energy range probed in the experiment. The measured relaxation processes will thus be influenced by the relaxation   FIG. 3 . Calculation of the effect of electron transport on the lifetime measurements of photoexcited electrons on the surface region with TR-TPPE. The dotted line is the photoelectron intensity as a function of delay time between pump and probe pulses after ballistic transport. In this calculation the optical skin depth was 170 Å for 3.2-eV photons and the escape depth of the photoelectrons was 110 Å for the electrons with 3.4-eV final energy ͑or 0.2-eV intermediate͒ above E F . The solid line is a fit using a single exponential decay and gives an effective decay time of about 40 fs. The calculation of the effect of ballistic transport in front reflectivity measurements is shown in the inset. Assuming strictly diffusive surface transport, the decay times are expected to be ϳ85 and ϳ120 fs for surface TR-TPPE and front-surface reflectivity studies, respectively. of the hot holes also. Since these holes are strongly localized, they will be affected to a much lesser extent by transport, compared to sp electrons ͑or sp holes͒, due to the small dispersion in the d band. However, the high-resolution angleresolved photoemission study of d-hole lifetimes in copper 16 reveals that their lifetimes are in the order of ϳ50 fs, the same lack of thickness dependence on the lifetime measurements of copper thin films with thicknesses ranging from 200 to 3000 Å ͑Ref. 15͒ implies that the d-hole contributions to the slow transport would not be significant. Second, the repopulation of lower excited states by the secondary electrons generated through the relaxation of higher excited states will, in some extent, compensate for the decay of the electron population in the near-surface region due to transport loss. Further studies are needed to completely understand this interesting observation.
